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Abstract 
This work explores the behaviour of xenon precipitates in amorphous silica using a transmission electron 
microscope with in-situ ion implantation. The specimens were first implanted at high-temperature to form 
equilibrium Xe precipitates which were then cooled to room temperature to form under-pressurized precipitates. In-
situ implantation and real-time monitoring at high and room temperature were used to study the behaviour of the 
equilibrium and under-pressurized precipitates, respectively. The study at high-temperature revealed that the 
precipitates grow under equilibrium conditions until saturation is reached. Subsequent to precipitate growth under 
equilibrium conditions, the specimens contain a mixture of equilibrium, under-pressurized and possibly over-
pressurized precipitates in addition to voids. Unlike precipitates growth at high-temperature (873 K), under-
pressurized precipitates; formed after cooling the specimen implanted at 873 K to room temperature, considerably 
shrank in size when subjected to further ion implantation. The shrinkage continued until a new equilibrium state 
defined by the room temperature density of the Xe precipitates was achieved. We discuss the growth and shrinkage 
of the precipitates in terms of the ballistic thermal spike which initiates Xe diffusion from the matrix into the 
precipitates at high-temperature and convective flow of the glass towards the under-pressurized precipitates and 
voids causing their shrinkage at room temperature.      
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1. Introduction 
A number of studies have been performed on noble gas precipitates in a wide variety of materials, such as; metals 
[1–11], semiconductors [12–14], alloys [15–17], glasses [18–20] and ceramics [21][22]. Most of these studies were 
aimed at exploring the conditions under which noble gas precipitates form and evolve and address any detrimental 
effects that this may lead to in structural nuclear reactor materials (e.g. fuel, cladding and first-wall materials) and 
nuclear waste matrices (e.g. glasses, ceramics and composite materials). Besides the nuclear industry, the studies on 
noble gas precipitation in dielectrics (e.g. glasses) has also drawn the attention of the electronics industry as a 
means of tailoring the dielectric properties of these materials [23][24]. Understanding the fundamental behaviour of 
noble gas precipitates (such as their growth, coalescence and re-solution; precipitate to void transformation; and the 
degree of internal pressure) requires detailed studies, especially, in-situ monitoring of their dynamics. The estimate 
of internal pressure is an important parameter for predicting precipitate growth, coalescence, inter-bubble fracture 
and surface blistering as it is required in some of the predictive models dealing with these aspects [25][16].The 
majority of the studies in this domain have mainly focussed on crystalline materials (metals and ceramics) and 
there is generally a lack of studies on the subject of internal pressure and its effect on the dynamics of precipitates 
in amorphous materials and especially glasses. Based on the formation of He and Ar bubbles in amorphous alloys 
(Fe40Ni38Mo4B18)[16][17], two slightly different theoretical models with a few free parameters to fit the 
experimentally observed bubble growth have been proposed for bubble growth under implantation in amorphous 
materials. The basic model is the constant excess pressure model (CEP model) [16]. The second model (CEP-
cascade model)—which itself is based on the CEP model — emphasises the contribution of ballistic collision 
cascades in bubble growth.  The CEP model assumes that the bubbles have a constant excess pressure throughout 
their growth process and that this excess pressure, on reaching a certain critical limit, is responsible for pushing the 
bubble boundary outwards. The excess pressure is a result of gas diffusion into the bubbles, bubble coalescence and 
also direct implantation of gas atoms into the bubbles. Besides gas diffusion, bubble coalescence plays an important 
role in this model and a coalescence dependent free parameter is usually varied to fit the experimental bubble 
growth data. The CEP-cascade model, in addition, assumes that the bubble boundary can be pushed outwards 
during the collision cascade itself due to the pre-existing excess pressure (therefore, reaching a critical pressure 
limit is not necessary for bubble growth) which drives the void-type defects towards the bubbles during a collision 
cascade leading to their growth. The existence of excess pressure is thus a necessary criterion and the fundamental 
basis of these models. The models predict an excess pressure requirement of about 50 GPa (or between 20 to 100 
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GPa for the CEP-Cascade model). The radii of the bubbles considered in these models range from about 1–13 nm 
and implies a pressure which is significantly higher than the equilibrium pressure of the bubbles; which is usually 
less than 5 GPa in most of the cases.  To date, no experimental evidence of the existence of such high excess 
pressures in amorphous materials has been reported. Our recent studies of noble gas precipitates in amorphous-SiO2 
(a-SiO2) supplemented by Monte-Carlo simulations (in addition to the current study) have shown that the 
precipitates exist as supercritical fluid inclusions and not as solid inclusions as would be expected at such high 
excess pressures [20]. Therefore, the requirement that bubbles are under constant excess pressure which can range 
up to 100 GPa needs revisiting or at least needs discussing in terms of its feasibility for use in glasses. Whether the 
existence of constant excess pressure is a necessary criterion for bubble growth in glasses is thus worth exploring at 
both cryogenic and at high temperatures with some emphasis on the bubble size dependence of the excess pressure. 
Irrespective of the material type, there are currently no systematic experimental studies specifically looking at the 
effect of the degree of internal pressure on the dynamics such as growth, coalescence and re-solution of the 
precipitates. This is especially true for under-pressurized bubbles/precipitates which have received hardly any 
attention in the literature. Molecular dynamics simulations [26] and some experimental studies [13][14] on the 
behaviour of voids in silicon have shown that voids are unstable to ion irradiation. It has been proposed that the 
lack of internal pressure allows mass flow towards the voids during the ballistic phase leading to their closure. If 
one were to emphasize the role played by the internal pressure, under-pressurized precipitates would then be 
expected to behave partly like voids and show a limited degree of resistance to closure under ion irradiation. It is 
plausible to propose that in going from under-pressurized to over-pressurized precipitates/bubbles, the dynamics of 
precipitate growth will change from negative (shrinkage) to positive (growth). 
The first aim of this article is to show that the existence of excess pressure as predicted by certain models is not a 
necessary criterion for bubble/precipitate growth in glasses. Secondly, we explore the impact of internal pressure 
on the dynamics of the precipitates and show that under-pressurized precipitates are partially stable to ion 
irradiation and show shrinkage as would be expected from the already known behaviour of voids. This work 
focuses on the formation of Xe precipitates in amorphous SiO2 (a-SiO2) using a Transmission electron microscope 
(TEM) with in-situ ion implantation. In order to shed light on the physical processes that can explain the growth of 
the precipitates during implantation, thermal spike simulations have been performed to look at the extent to which 
the temperature spikes experienced during the ballistic phase of the collision cascades enable Xe diffusion.     
2. Experiments 
2.1. Specimen preparation and ion implantation 
Thin TEM specimens of a-SiO2 were obtained by focussed ion beam milling using 30 keV Ga ions. The specimens 
were then implanted at 873 K and 295 K with 45 keV Xe ions inside a Hitachi-H-9500 TEM with in-situ ion 
implantation at the MIAMI-2 facility at the University of Huddersfield.  Initially, the specimen was heated to 873 K 
using a heating rate of 100 K per minute. After holding for 15 minutes at this temperature, the specimen was 
implanted with Xe ions at a flux of 1.6×1013 ions.cm-2.s-1. The electron beam was switched off during ion 
implantation to minimise any electron-beam-induced effects. The observations of Xe precipitate formation were 
made with increments of 2×1015 Xe.cm-2. An electron flux of 9×1017 electrons.cm-2.s-1 was used to capture the 
bright-field TEM images (BF-TEM) with an objective aperture of 8.5 mrad collection angle and a typical exposure 
time of 0.5 s. After a Xe implantation fluence of 7.5×1015 ions.cm-2, electron beam at a flux of 1.6×1018 
electrons.cm-2.s-1 was switched on to record in-situ videos of Xe ion-implantation induced changes in the Xe 
precipitates (studies showing electron beam exposure at such intensities for few minutes does not have a 
measurable effect were carried out prior to this). The specimen was irradiated up to a fluence of 1.24×1016 Xe.cm-2 
in this manner to record the real-time dynamics taking place. After this, the specimen was cooled to 295 K and after 
waiting for about 12 minutes at 295 K, the specimen was again irradiated with Xe ions and in-situ videos were 
again captured. 
3. Results 
3.1. Effect of Xe implantation at 873 K 
Xe implantation at 873 K resulted in the formation of Xe precipitates. The first Xe precipitates were formed after 
implantation with 6×1015 Xe.cm-2 (2 atomic % on average under the implantation profile; see Fig. S1 in the SI for 
implantation profile). BF-TEM images of the Xe precipitates after implantation with 7.5×1015 Xe.cm-2 are shown in 
Fig.1 (a-c) in different focussing conditions. The single bright feature seen in the micrograph as indicated by the 
black arrow is a void (based on the work in [20]) and the rest of the circular features are Xe precipitates. All the 
precipitates are invisible in the at-focus images — which, based on our previous work [20] on this subject, indicates 
that these precipitates should have a Xe density in the range of 0.5 to 1.5 g.cm-3.  
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Figure-1: BF-TEM micrographs of a-SiO2 implanted with 45 keV Xe ions to 7.5×1015 Xe.cm-2 at 873 K. (a) Under-focus, (b) 
at-focus and (c) over-focus images. The arrow in (a) indicates a void. (defocus = 4 µm, scale marker = 200 nm for all the 
images). 
Upon further implantation, the precipitates continuously grew in size and reached a steady state. They then 
transformed into voids which shrank in size and eventually closed due to continued ion implantation. This dynamic 
behaviour captured in-situ during ion implantation is shown in video SV01 in the SI. Video stills showing the 
dynamics of the precipitate growth, transformation into a void and shrinkage of the void are shown in Fig.2. The 
fluence at the first frame (A1) is 7.5×1015 Xe.cm-2 and then in sequentially moving across the rows, there is an 
increment of 1.58 × 1014 ions.cm-2 per frame. The fluence at the last frame (F5) is 1.2×1016 Xe.cm-2. The A1 frame 
shows a single precipitate which grows until frame D3 and then transforms into a void — visible as a relatively 
brighter feature in the E3 frame. The void then shrinks upon further ion irradiation and is no longer visible in frame 
F5. A second precipitate can be seen to emerge in frames C1/D1 as indicated by the arrows in the first few frames 
of its evolution. It grows until frame B5 and then transforms into a void, which shrinks upon further ion 
implantation. This is the general trend followed by all the precipitates and voids as seen in the video SV01 in the 
SI. 
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Figure-2: Video stills from the in-situ video shown in SV01 in the SI. The images show 45 keV Xe implantation induced growth 
and shrinkage of the Xe-precipitates and voids at 873 K, respectively. Fluence of the first frame = 7.5×1015 Xe.cm-2, fluence 
increment per frame = 1.58×1014 Xe.cm-2 and fluence of the last frame = 1.2×1016 Xe.cm-2. The arrows indicate the emergence 
of a precipitate (Defocus = 4 µm under-focus). 
The increase in the projected area of some of the precipitates as a function of the implantation fluence, their 
tendency to reach a steady state (plateau) and then shrink is shown in Fig.3 (different precipitates labelled 1 to 5). 
The projected area of the precipitates and voids was measured using Fiji software [27] by manually fitting circles 
around the features. The slopes of the linear regions of the curves; indicated by the rectangles for curve-1 in Fig. 3,  
are 25 ± 4 nm2 and 38 ± 6 nm2 per unit fluence (ions. nm-2) in the growth and shrinkage regions, respectively. This 
shows that the voids shrink at a greater rate than the growth rate of the precipitates. This behaviour of the 
precipitates and voids has an effect on their size distributions as we briefly discuss later. 
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Figure-3: Xe ion implantation induced growth and shrinkage of precipitates and voids. The curves labelled 1 to 5 show growth 
of the precipitates, followed by saturation and then shrinkage of the voids after the precipitate to void transformation. The 
linear regions of the growth and shrinkage are highlighted by rectangles for curve-1 as an example. Typical BF-TEM pictures 
of these dynamics are shown in Fig.2. Based on the data in this figure, the growth and shrinkage rates are 25 ± 4 and 38 ± 6 
nm2 per unit fluence, respectively. 
3.2. Effects of cooling and room-temperature Xe implantation 
After implantation at 873 K up to 1.24×1016 Xe.cm-2, the specimen was cooled to 295 K. This was done to decrease 
the internal pressure of the precipitates and form under-pressurized precipitates (due to thermal contraction of the 
Xe). BF-TEM micrographs at 873 K, taken just before cooling of the specimen, are shown in column C1 in Fig. 4 
in under and over-focussed imaging conditions.  After waiting for about 12 minutes at 295 K to make sure that a 
stable temperature was attained, BF-TEM images were taken as shown in column C2 in Fig. 4. The specimen was 
then implanted with Xe ions and the dynamics of the behaviour of the precipitates and voids was captured using in-
situ videos as shown in the video clip SV02 in the SI. Unlike the behaviour at 873 K, where precipitates grew until 
their transformation into voids, the precipitates and the voids at 295 K immediately started to shrink upon ion 
implantation. After a certain degree of shrinkage and stabilization, the precipitates transformed into voids which 
then continued to shrink further and eventually closed (a few video stills are shown in Fig. S2 in the SI). A BF-
TEM micrograph of the precipitates after implantation with 2.7×1015 Xe.cm-2 at 295 K shown in Fig. 4 (C3) clearly 
demonstrates that all the precipitates shrank in size. The two bright features indicated by the arrows in C1 
disappeared after implantation whereas the features numbered 9 and 10 significantly reduced in size and are visible 
as very small precipitates in Fig. 4 (C3). This shows that the features indicated by the arrows were in fact voids and 
the features numbered 9 and 10 were very low-density precipitates –– i.e. gaseous bubbles. TEM diffraction 
patterns at high temperature as well as at room temperature did not show any signs of crystalline Xe (note that at 
300 K, Xe precipitates of a diameter of about 2.2 nm or less are needed to have crystalline Xe; P > 440 MPa). We 
have however observed solid FCC nanocrystalline Xe precipitates at -130 ℃ in other work (to be published).  
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Figure-4: Under and over-focussed BF-TEM micrographs of Xe-irradiated a-SiO2 in columns C1 to C3. (C1) a-SiO2 
implanted with 1.25×1016 Xe.cm-2 at 873 K. The numbers in white (1-8) show dense Xe precipitates and the numbers in yellow 
(9,10) show low-density bubbles. The two features indicated by the arrows are voids. (C2) TEM micrograph taken on cooling 
the specimen to 295 K. (C3) After implantation with 2.7×1015 Xe.cm-2 at 295 K. (Defocus= 2 µm, scale bar= 200 nm). 
4. Discussion 
4.1. The density of the precipitates 
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The size, pressure, density and the number of Xe atoms present in the precipitates labelled 1–10 in Fig. 4 at 873 K 
are given in Table 1. The pressure is calculated based on the Young-Laplace equation (P = 2γ/r, where γ is surface 
tension (~0.3 N.m-1 for a-SiO2) and r is the precipitate radius). The density was calculated from Ronchi’s data [28] 
shown in Fig. S3 in the SI (a detailed comparison of different equations of states and expected errors is given in our 
earlier paper [20]). The density of most of the precipitates is less than 1 g.cm-3 (thermal diffusive losses during the 
short time period of irradiation are ruled out due to very low Xe diffusion coefficient at this temperature [23,29]). 
This is in excellent agreement with our earlier experimental and simulation results [20] which showed that Xe 
precipitates in the density range of 0.5 to 1.5 g.cm-3 are invisible in the at-focus images (like in Fig. 1(b)). A 
comparison of the diameters of the same precipitates before and after implantation with 2.7×1015 Xe.cm-2 at 295 K 
is given in columns 2 and 3 in Table 2. The data show that the bubbles/voids numbered 9 and 10 undergo a 
significant size reduction in comparison to others. The equilibrium pressure, density and the number of Xe atoms 
that should be present in the precipitates at 295 K after implantation with the Xe ions are given in columns 4 to 6 in 
Table 2 (the experimental pressure vs density data for Xe was taken from [30] and is shown in Fig. S3 in the SI). 
Although the precipitates are smaller at 295 K compared to their size at 873 K, they contain a higher number of Xe 
atoms (compare column 5 of Table-1 with column 6 of Table 2) due to the additional ion implantation at 295 K. 
This higher density also leads to their relatively darker contrast at 295 K as compared to their contrast at 873 K. 
Table-1: Diameter, pressure, density (Ronchi’s data [28]) and the number of Xe atoms calculated to be present in the 
precipitates at 873 K numbered 1 to 10 in Fig.4. 
Particle 
number 
Diameter at 
873 K just 
before cooling 
(nm) 
Pressure 
(GPa) 
Density at 900 K 
(g.cm-3) 
Expected number of 
Xe atoms in the 
precipitates at 900 K 
1 19 0.063 0.940 16664 
2 19 0.063 0.940 16281 
3 21 0.057 0.860 17900 
4 19 0.063 0.940 14599 
5 31 0.039 0.627 46091 
6 14 0.086 1.160 7322 
7 23 0.052 0.800 22004 
8 21 0.057 0.870 19463 
9 26 0.046 0.730 29073 
10 32 0.038 0.610 49418 
Table-2: Diameter, pressure, density (experimental data at 293 K [30]) and the number of Xe atoms present in the precipitates 
at 295 K numbered 1 to 10 in Fig.1. 
Particle 
number 
Diameter at 
295 K after 
cooling (nm) 
Diameter after 
irradiation at 
295 K (nm) 
Pressure 
(GPa) 
Density 
(experimental) 
Expected number 
of Xe atoms in the 
precipitates after 
irradiation 
1 21 16 0.075 2.500 23505 
2 21 12 0.100 2.730 10235 
3 20 16 0.075 2.500 23326 
4 17 13 0.092 2.680 15453 
5 30 19 0.063 2.530 41286 
6 12 10 0.120 2.800 7327 
7 21 16 0.075 2.500 23594 
8 23 16 0.075 2.500 24503 
9 25 8 0.150 2.820 3873 
10 32 7 0.171 2.840 1961 
 
4.2. Effect of Xe implantation at 873 K 
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By following the behaviour of Xe precipitates in-situ we showed that the precipitates grow in size and reach a 
steady state. The voids on the other hand only shrank under ion implantation. Furthermore, the voids shrank at a 
higher rate than the growth rate of the precipitates. Therefore, if one were to start with a specimen with an equal 
number of precipitates and voids with the same size distribution, the areal void density would decrease and result in 
a shift of the size distributions upon ion implantation. Slow growth and the tendency of the precipitates to saturate 
will lead to a higher areal density of precipitates than the voids. This was discussed previously [20] where it was 
shown that the areal void density is almost an order of magnitude less than the precipitate areal density (at room 
temperature, typical void and precipitate areal densities were about 2×109 and 2×1010 cm-2, respectively; see Fig. S6 
in the SI). Of a more fundamental nature is the question as to whether the precipitates grow under equilibrium 
conditions and the possibility of deviation from the equilibrium state. By evaluating the number of ion impacts 
received by the precipitates during their growth (by integrating the linear growth region in Fig. 3) and by 
calculating the resulting increase in the projected area of the precipitates due to these implanted ions, an area 
increase of 0.048 ± 0.016 nm2 per Xe ion impact was obtained (the error is the standard deviation of the growth 
rates obtained from various curves shown in Fig 3). It simply means that each implanted ion increases the 
precipitate projected area by about 0.048 nm2. However, this does not necessarily imply that the implanted ion 
itself stopped within the precipitate and resulted in the growth. Figure 5 shows the increase in the precipitate area 
with the addition of Xe atoms at 873 K under equilibrium conditions based on Ronchi’s density data (see Fig. S3, 
table ST1 and the associated description for the calculations in the SI). The slope of the line in Fig. 5 shows that 
under equilibrium conditions, the addition of each Xe atom increases the precipitate area by 0.0161 ± 1.8 × 10-4 
nm2 only (the error is the error in the slope of the line). This is about three times smaller than the value obtained 
from the implantation data shown in Fig 3 — which indicated that each implanted Xe ion increases the precipitate 
area by 0.048 ± 0.016 nm2. This is despite the fact that only a small fraction of the implanted ions will be stopped 
within the precipitates themselves. However, this does not take into account the fact that the Xe precipitates expand 
into a matrix already enriched in Xe atoms. The surrounding matrix may therefore be able to supply additional Xe 
atoms to the growing precipitates resulting in a higher growth rate than one might expect from the implanted atoms 
alone. By looking at the images in Fig. 2 and the curves in Fig 3, it is clear that the various precipitates emerge and 
start growing at different times or fluences. Therefore, the various precipitates expand into a matrix that is probably 
enriched with Xe atoms to varying extents. Considering the fluence corresponding to the midpoint of the linear 
region of the growth curves in Fig. 3 as the fluence for the estimation of Xe concentration in the matrix, we obtain 
Xe concentrations of 3.7×1021, 3.7×1021, 3.7×1021, 3.0×1021 and 3.0×1021cm-3 for curves 1-5, respectively. Next, we 
take the areas corresponding to the midpoint of the growth curve (column 2 in Table 3) and calculate the volume 
increase per implanted ion (column-4 in Table 3) based on the assumption that each Xe atom under equilibrium 
condition should increase the area by 0.0161 nm2 (from Fig. 5).  Now the number of Xe atoms present in this 
additional volume (Nmatrix) based on the Xe concentration in the matrix can be calculated (column 5 in Table 3). 
Thus, the precipitate at most receives a total of Nmatrix+1 Xe atoms. Finally, the increase in the precipitate area due 
to these Nmatrix +1 atoms at an expansion rate of 0.0161 nm2 per atom based on the equilibrium density data is 
calculated and shown in column-6 of Table 3. The data shows that the area should increase at a rate of 0.04 ± 0.002 
nm2 per ion. This is in excellent agreement with a value of 0.048 ± 0.016 nm2 per ion impact obtained from the 
growth curve of the precipitates shown in Fig 3.  This means that the global effect of each implanted ion is to bring 
some additional Xe atoms from the surrounding matrix into the precipitate which grows at a faster rate but under 
equilibrium conditions. On average, each implanted Xe atoms brings an additional 1.5 Xe atoms from the matrix 
into the precipitate (column 5, Table 3). The precipitate thus grows at a rate commensurate with the addition of 
about 2.5 Xe atoms per implanted Xe ion under equilibrium conditions. These results show that no effective 
precipitate re-solution takes place when the matrix itself is saturated with gas atoms (the typical Xe density in the 
surrounding matrix is calculated to be about 3×1021 cm-3. This is almost the Xe-precipitate number density which 
ranges from 2×1021 to 4×1021 at 900 K). Furthermore, the results highlight that it is possible to ascertain with 
sufficient confidence that the precipitates grow purely under equilibrium conditions with surface tension balancing 
the pressure. 
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Figure-5: The number of Xe atoms expected to be present in the equilibrium precipitates of various sizes at 873 K in a-SiO2. 
The equilibrium growth rate (slope) is 0.0161 ± 1.8 × 10-4 nm2. atom-1. 
Table-3: Effect of the implanted Xe atoms on the precipitate area and volume. Nmatrix is the number of Xe atoms present in the 
a-SiO2 matrix into which the precipitates expand due to implantation. Volume of the precipitates was calculated by evaluating 
the radius from the area and assuming spherical precipitates. 
Number of the 
implanted ions 
Area of the 
precipitate 
(nm2) 
Volume of the 
precipitate 
(cm3) 
Volume increase 
by the implanted 
ion 
Number of Xe atoms in 
this volume based on 
the concentration of 
pre-existing Xe in the 
matrix (Nmatrix) 
Total Area 
increase due to 
Nmatrix +1 Xe atoms 
(nm2) 
0 950 2.2032E-17 
   
1 950.0161 2.2033E-17 5.601E-22 1.7 0.043 
0 750 1.5455E-17 
   
1 750.0161 1.5455E-17 4.977E-22 1.5 0.040 
0 430 6.7093E-18 
   
1 430.0161 6.7097E-18 3.768E-22 1.4 0.038 
0 450 7.1828E-18 
   
1 450.0161 7.1832E-18 3.855E-22 1.4 0.039 
0 580 1.0510E-17 
   
1 580.0161 1.0511E-17 4.376E-22 1.6 0.042 
Once the maximum precipitate growth is achieved, saturation or at least a significant drop from the linear growth as 
evident from the curves in Fig. 3 is observed. During this brief stage of the saturation, it is possible that precipitate 
over-pressurization may take place (other scenarios are discussed later on). If so, the degree of over-pressurization 
can be estimated from the curves in Fig. 3. Once the saturation of a precipitate is reached, any additional ion 
implantation into the precipitate will lead to over-pressurization.  The details of this calculation are given in Fig. S4 
and the associated description in the SI and indicate that under these conditions (873 K) over-pressurization can 
range from about 10 % (3 MPa) to about 30 % (10 MPa) at most. 
An alternative hypothesis would be to assume that there is no over-pressurization at all. The departure from linear 
growth and saturation of the precipitate sizes could also be explained by the implantation profile. Since the 
implanted Xe concentration drops away from the centre of the implantation profile (see Fig-S1 in the SI), as the 
precipitates grow in size, the top and bottom regions of the precipitates progressively expand into a matrix that is 
deficient in Xe content.  Thus, the matrix cannot supply enough Xe atoms to the precipitate to keep it growing at 
the initial rate. This would be observed in the in-situ experiments reported here as a drop from the linear growth 
trend and eventually saturation. One way to test this hypothesis would be to implant the specimens with multi-
energy Xe ions to maintain a uniform Xe concentration. In such a scenario, there should only be linear growth 
without any tendency to saturate (although coalescence may eventually play a role in controlling the growth 
behaviour in this case). 
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4.3. Ballistic thermal spikes and Xe diffusion 
The growth rate of the precipitates indicates that each implanted ion incorporates additional Xe atoms from the 
matrix into the precipitate. But the question remains as to how this may actually take place. A plausible hypothesis 
is that the Xe ion impact causes an intense local melting referred to as ballistic melting near the precipitate-matrix 
interface. Under the influence of this temperature spike, Xe atoms present in the immediate vicinity may diffuse 
into the precipitate. On cooling, the precipitate will contain additional Xe atoms from the matrix and a new 
equilibrium precipitate size is established. The new size of the precipitate is effectively dictated by Nmatrix+1 Xe 
atoms (~ 2.5 atoms) that manage to diffuse into the precipitate during the ballistic thermal spike phase. The typical 
Xe density in the surrounding matrix is about 3×1021 cm-3. Therefore, it would require a volume of about 10-21 cm3 
to supply the required 2.5 Xe atoms for the precipitate growth. If we assume that as the ion transverses the matrix-
precipitate interface (or precipitate-matrix interface on the exit side) a molten volume of this size surrounding the 
precipitate is created, it would require a hemisphere of about 0.6 nm radius surrounding the precipitate (hemisphere 
because the other side is bound by the precipitate itself). If the same melting events take place on the entry and exit 
locations of the matrix-precipitate-matrix interface, then a hemisphere of 0.3 nm only on either side of the 
precipitate is needed (note that if one assumes that only half of the Xe atoms in the molten volume diffuse towards 
one side of the hemisphere and the other half diffuse towards the opposite side, then these limits are 1.2 to 0.6 nm, 
respectively). If the typical time period of the thermal spike is taken to be about 10-11 s, then it would require a Xe 
diffusion coefficient of about 10-5 to 10-6 cm2.s-1 for the Xe atoms from the farthest end of the molten volume of the 
hemisphere to cross the matrix-precipitate interface. Based on published experimental values for the Xe diffusion 
coefficient [29], a matrix temperature of about 3500 K would be required. In order to see whether such 
temperatures can be reached during 45 keV Xe ion implantation, thermal spike simulations for a-SiO2 using the 
unified-thermal spike model [31] were performed for the specimen at 295 K and 873 K. The temperature profiles as 
a function of time for various radial distances from the location of ion impact are shown in Fig.6. It shows that the 
regions within a radial distance of about 0.6 nm are heated to more than 3500 K for about 5 ps for implantation at 
873 K. The temperature at a radial distance of about 0.2 nm remains close to 3000 K for up to 10 ps. At 295 K, the 
temperature at a radial distance of about 0.2 nm remains higher than 2300 K and up to about 3500 K for about 3 ps. 
Thus, ballistic spikes should be capable of mobilizing the Xe atoms from the matrix into the precipitate. This, in 
essence, is the same as the phenomenon of ion-beam mixing invoked in cryogenic temperature irradiations of metal 
matrices with trace metal impurities where ballistic collisions have been observed to trigger the diffusion of the 
trace elements during the ballistic phase [32]. It is important to bear in mind that ballistic spikes occurring inside 
the Xe precipitate and near the interface may have a similar effect on the surrounding matrix as the precipitate-glass 
interface will be subjected to a temperature increase due to the heat transfer from the Xe precipitate. Thus ballistic 
spikes near the matrix-precipitate interface or inside the precipitate both have the potential of bringing in extra Xe 
from the matrix into the precipitates. Therefore, as the ion implantation continues, the matrix-precipitate is 
continuously subjected to these thermal spike events which aid Xe diffusion and precipitate growth. From this 
perspective, it would be interesting in future to study in detail the effect of ion energy on the growth rate of the 
precipitates as this would allow to tailor the temperature during the ballistic spikes. 
 
Figure-6: Thermal spike simulation of 45 keV Xe implantation of a-SiO2. The temperatures are shown as a function of radial 
distance (nm) from the ion impact. The calculations were carried out for matrix temperatures of 295 K (solid lines) and 873 K 
(dotted lines).  
4.4. Effect of implantation at 295 K 
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A comparison of the Xe density at 295 K and 873 K is given in Fig. S3 in the SI. It shows that the Xe density at 
295 K is about three times higher than the Xe density at 873 K for a given pressure. Since the glass boundary 
surrounding the precipitate does not move inwards on cooling the specimen (the linear thermal coefficient of a-
SiO2 is very small and close to about 6×10-7 K-1 in the temperature range of interest [33]) and Xe still exists as a 
supercritical fluid (critical T and P of Xe = 289 K and 5.8 MPa, respectively), cooling the specimen to 295 K  
results in a decrease of the precipitate pressure. From Fig. S3 in the SI, one can estimate that most of the 
precipitates experience a depressurization of about 50 MPa and precipitate pressure is now only 6 to 8 MPa; this is 
just higher than the critical pressure (or 10 - 18 MPa if the over-pressurization at 873 K is also considered). As even 
the most over-pressurized precipitates at 873 K are densified by a factor of only 1.2 above the equilibrium value, 
both the equilibrium precipitates and any over-pressurized precipitates at 873 K will become highly under-
pressurized on cooling to room temperature. Therefore, one would expect these under-pressurized precipitates to 
behave somewhat like voids to further ion implantation due to a lack of sufficient internal pressure. This is exactly, 
what was observed during implantation at 295 K, where precipitates shrank before reaching a steady state and 
subsequently transformed into voids.  It is therefore plausible to assume that after shrinking and stabilization, the 
precipitates are again in equilibrium with the surrounding matrix (indeed, this may be the best way of making 
equilibrium precipitates). The equilibrium pressure, density and the number of Xe atoms in the precipitates shown 
in Fig. 4 (C3) are given in columns 4 to 6 in Table-2. A comparison of the number of Xe atoms that should be 
present in the precipitates under the equilibrium conditions (column 6 in Table-2) with the number of atoms present 
in these precipitates before the implantation (i.e. at 873 K) plus the newly implanted Xe ions at 295 K is given in 
Fig. 7 (see Fig. S5 and the associated description in the SI).  A close agreement between these two shows that the 
new state is indeed an equilibrium state and that the new precipitate size is dictated by the implanted Xe ions and 
the Xe atoms that were already present in the precipitates at 873 K. Furthermore, it shows that the implanted Xe 
ions do not move a significant number of Xe atoms from the matrix into the precipitates. One possible explanation 
for this is that cooling increases the number density of the Xe precipitates by a factor of three effectively decreasing 
the Xe concentration gradient between the matrix and the precipitates. Consequently, the diffusion from the matrix 
into the precipitates is reduced.  In addition, a lower matrix temperature (295 K vs. 873 K) also aids in reducing the 
Xe diffusion during the ballistic thermal spike as somewhat lower temperatures are reached during the thermal 
spike (Fig. 6). An additional possibility would be a more dominant precipitate re-solution at 295 K due to the 
ballistic collisions now taking place inside much denser Xe precipitates such that the net Xe flux coming into the 
precipitates is reduced in comparison to the net incoming Xe flux at 873 K.  
It is reasonable to propose that the degree of precipitate shrinkage at 295 K depends on the degree of deviation 
from the equilibrium state at 873 K. The larger the deviation, the higher the degree of shrinkage (for the case of 
under-pressurization). This is supported by precipitates numbered 9 and 10, which showed significant shrinking as 
compared to others, primarily because they are under-pressurized/low-density bubbles as indicated by their light 
contrast more closely resembling the voids. In addition, one would expect a relatively smaller degree of shrinkage 
in the over-pressurized precipitates as compared to the equilibrium precipitates. Fundamentally, the shrinkage of 
the under-pressurized precipitates is no different from the behaviour of the voids which show complete closure due 
to ion implantation. It is simply due to a lack of internal pressure in the case of voids that a complete closure is seen 
whereas the precipitates, due to the presence of Xe atoms, resist this closure and attain an equilibrium state. 
Molecular dynamics simulations on the behaviour of noble gas precipitates and voids in Si have been performed 
previously [26]. These studies have shown that viscous flow and momentum transfer during the ballistic collisions 
directs the matrix material towards the precipitates/cavities. From these studies, it is understood that the lack of any 
internal pressure in the case of a cavity means there is no resistance to prevent the inward mass flow whereas 
precipitates offer a barrier to the inward mass flow thus preventing closure. In the current work, when under-
pressurized precipitates are subjected to ballistic collisions, the internal pressure is positive but still not enough to 
completely counter the inward mass flow. Therefore, the outer boundary of the precipitates continues to shrink until 
an equilibrium pressure is reached which then prevents any further inward flow.  
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Figure-7: Number of Xe atoms in the equilibrium Xe precipitates at 295 K (black with mesh) and the number of Xe atoms 
expected to be present based on the equilibrium at 873 K plus the addition of more Xe atoms after implantation at 295K (red). 
Based on the results and the discussion above, a simplified picture of the precipitate growth at 873 K and shrinkage 
at 295 K is presented in Fig. 8. Panel-A shows an equilibrium precipitate at 873 K surrounded by the Xe containing 
glass matrix. After an ion impact, a transient state at high-temperature due to ballistic melting (as shown in panel-
B) is created. Apart from some Xe ions stopping in the precipitate itself, additional Xe atoms from the matrix are 
thermally driven from the matrix into the precipitate during the ballistic phase. On cooling, the precipitate attains a 
new equilibrium state at larger size (panel-C) containing on average 2.5 additional Xe atoms per implanted Xe. The 
new equilibrium precipitate at 873 K is shown in panel-D which is shown after cooling to 295 K in panel-E. Panel 
E shows an under-pressurized precipitate because a temperature decrease from 873 to 295 K leads to 
depressurization by about 50 MPa (placing the Xe atoms close together in the figure implies only that the pressure 
on the precipitate boundary is less). However, the precipitate size does not change as the glass interface defining 
the boundary of the precipitate is rigid and not prone to thermal compression.  Ion implantation causes an inward 
motion of the matrix boundary and leads to a collapse of the under-pressurized precipitate. A new equilibrium state 
defined by the already present Xe atoms and about 45 % of the newly implanted Xe atoms as shown in panel-F is 
then established.  
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Figure-8: A schematic of precipitate growth at 873 K (panels A –C) and precipitate shrinkage at 295 K (panels D-F). The 
numbers of Xe spheres are indicative only and do not reflect the real densities (see text for details). 
Conclusion 
This study focused on the behaviour of Xe precipitates in a-SiO2 under 45 keV Xe ion implantation at 873 and 
continued then at 295 K. At 873 K, the precipitates were shown to grow under equilibrium conditions before 
reaching a steady state. The projected precipitate area (as seen in TEM) grew at a rate of 0.048 ± 0.016 nm2 per 
implanted ion equivalent with the addition of 2.5 Xe atoms per implanted Xe under equilibrium conditions. The 
additional Xe atoms are driven from the Xe saturated matrix into the precipitate under the influence of ballistic 
thermal spike which enables Xe diffusion. The results demonstrate that no effective re-solution takes place when 
the matrix itself is saturated with the gas atoms. After the saturation size is attained, the precipitates could be over-
pressurized by about 3 to 10 MPa (10 to 30 % of over-pressurization) due to further implantation until they 
transform into voids. The voids, once formed, shrink in size, and eventually close under further ion implantation. 
After the initial precipitate formation at equilibrium conditions, the specimen contains a mixture of equilibrium 
precipitates, under-pressurized precipitates, voids and possibly some over-pressurized precipitates at higher 
fluences. The under-pressurized precipitates are mainly a result of the partial release of Xe atoms from the 
precipitates during precipitate to void transformation. The only time during which all the precipitates are in 
equilibrium with the matrix is before the saturation of the precipitate sizes and the formation of voids.  
On cooling of the specimen to 295 K, the equilibrium (as well as any over-pressurized precipitates) are left under-
pressurized due to thermal contraction of the Xe and insignificant relaxation of the surrounding a-SiO2 matrix. 
When these under-pressurized precipitates are subjected to further implantation at room temperature, they readily 
contract and continue to do so until a new equilibrium state is achieved. The new equilibrium state is determined by 
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the number of Xe atoms already present in the precipitates when cooling from 873 K and the newly added Xe 
atoms during room temperature implantation. The precipitates eventually transform into voids which are unstable 
during continued Xe implantation and close as observed at high-temperature. Comparing the behaviour of the voids 
and under-pressurized precipitates, it is clear that a sufficient internal pressure is necessary for radiation stability of 
the inclusions (precipitates and voids). Lack of significant internal pressure allows the viscous and convective flow 
of the surrounding matrix towards the inclusions under the influence of ballistic collisions and resultant thermal 
spike. The internal pressure provides the resistance to inward mass flow and prevents the collapse of the inclusions. 
These results highlight that atomistic simulations looking into the physical aspects of precipitate growth and 
homogeneous resolution should take into account the saturation state of the matrix to correctly understand the 
degree of precipitate re-solution. They further show that the degree of over-pressurization, if any at all, is not very 
significant and precipitates grow mostly under equilibrium conditions. 
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